Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) has been shown to have selective antitumor activity. TRAIL induces ubiquitous pathways of cell death in which caspase activation is mediated either directly or via the release of apoptogenic factors from mitochondria; however, the precise components of the mitochondrial signaling pathway have not been well defined. Notably, mitochondria constitute an important target in overcoming resistance to TRAIL in many types of tumors. Bid is considered to be fundamental in engaging mitochondria during death receptormediated apoptosis, but this action is dependent on mitochondrial lipids. Here, we report that TRAIL signaling induces an alteration in mitochondrial membrane lipids, particularly cardiolipin. This occurs independently of caspase activation and primes mitochondrial membranes to the proapoptotic action of Bid. We unveil a link between TRAIL signaling and alteration of membrane lipid homeostasis that occurs in parallel to apical caspase activation but does not take over the mode of cell death because of the concurrent activation of caspase-8. In particular, TRAIL-induced alteration of mitochondrial lipids follows an imbalance in the cellular homeostasis of phosphatidylcholine, which results in an elevation in diacylglycerol (DAG). Elevated DAG in turn activates the D isoform of phospholipid-dependent serine/ threonine protein kinase C, which then accelerates the cleavage of caspase-8. We also show that preservation of phosphatidylcholine homeostasis by inhibition of lipiddegrading enzymes almost completely impedes the activation of pro-caspase-9 while scarcely changing the activation of caspase-8. (Cancer Res 2005; 65(18): 8286-97) 
Introduction
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), a type II transmembrane protein, is a ubiquitous member of the TNF family of ligands (i.e., Fas, TNF-a, etc.; refs. 1-7). TRAIL primarily induces apoptosis in transformed or tumor cells and hence has great promise as a selective anticancer agent (1, 4, 5, (7) (8) (9) . Additionally, the functional expression of TRAIL has been shown on the surface of natural killer cells, dendritic cells, monocytes, and T cells that have been stimulated by cellular transformation, thus suggesting a role for TRAIL in the selective ablation of transformed cells before tumorigenesis (10) (11) (12) (13) (14) (15) .
TRAIL receptors, DR4 and DR5, mediate TRAIL function by recruiting, via death domain interactions, adaptor proteins, such as FADD, and apical caspases, such as pro-caspase-8. This assembly forms the death-inducing signaling complex (DISC; refs. [3] [4] [5] [16] [17] [18] , which promotes the autoproteolytic activation and release of apical caspases (19, 20) . Activated apical caspases then initiate two main pathways of cell death signaling (21) (22) (23) (24) : the mitochondria-independent pathway and the mitochondriadependent pathway. In the mitochondria-independent pathway, apical caspases directly activate executioner caspases, such as caspase-3 (17, 18, 23, 25, 26) . In most cells (type II cells), including many tumor cells (18) , death signaling bifurcates into a mitochondria-dependent pathway in which caspases are activated downstream of the release of mitochondrial apoptogenic factors into the cytosol in a manner equivalent to the intrinsic apoptotic pathway (16-18, 21, 27) .
Mitochondria are targets of proapoptotic proteins of the Bcl-2 family, such as the widespread BH3-only member, Bid (27) (28) (29) (30) (31) (32) (33) (34) , the genetic ablation of which reduces Fas-induced hepatotoxicity and mitochondrial damage (35) . The caspase-cleaved form of Bid, tBid, migrates to the mitochondrial outer membrane, where it cooperates with other Bcl-2 family proteins, such as Bak or Bax, to induce the release of mitochondrial proteins into the cytosol (28, 29, (36) (37) (38) . Although it is now generally accepted that tBid constitutes the fundamental link between the DISC and mitochondria (28) , some observations suggest that parallel, caspase-independent signals could be delivered to the mitochondria during death receptor-mediated cell death (39) (40) (41) . However, the manner by which alternative pathways emanating from TRAIL receptors reach and affect the mitochondria remains unknown.
Cardiolipin is a membrane lipid uniquely present in mitochondria that may be instrumental for the proapoptotic action of tBid and Bax (31, 37, 42) . Indeed, tBid binds to a byproduct of cardiolipin degradation, monolysocardiolipin (38, 43) . However, the signaling steps that connect death receptors to changes in cardiolipin remain elusive. Given that phosphatidylcholine, the dominant phospholipid present in intracellular membranes, is involved in cardiolipin remodeling (37, 44) , cardiolipin changes could also reflect altered phosphatidylcholine homeostasis. Intriguingly, phosphatidylcholine homeostasis influences the cellular level of diacylglycerol (DAG), which in turn activates members of the protein kinase C (PKC) family that regulate phosphatidylcholine metabolism (45) (46) (47) . Therefore, changes in the cellular content of phosphatidylcholine, DAG, and PKC activity could be involved in mediating death ligand-induced apoptosis. Fas ligand (FasL) and TNF have been shown to induce phosphatidylcholine depletion in various cell types (39, (45) (46) (47) (48) , but no study has been reported to date on the relation between TRAIL and phosphatidylcholine homeostasis.
Although the differential sensitivity of normal and tumor cells to TRAIL-induced apoptosis indicates TRAIL as a potential tumorselective cancer therapeutic, some tumor cells are resistant to TRAIL (5, 7, 9, 14, 49) . Significantly, mitochondria constitute an important target in overcoming inherent resistance to TRAIL in many types of tumors (i.e., colon carcinomas and gliomas; refs. 16, 23, 50) . These observations suggest that a block in the activity of TRAIL-induced mitochondrial pathways may instigate certain tumor cells to become TRAIL resistant. Based on emerging evidence accenting the role of mitochondrial lipids in the proapoptotic action of Bid (27, 31, 40) and the lack of mechanistic knowledge on the TRAIL-induced, caspase-independent signals that regulate mitochondrial pathways, we investigated the involvement of TRAIL-induced signals in the mitochondrial release of apoptogenic factors. Here, we show that TRAIL contributes to an alteration of mitochondrial lipids in a manner that may be essential for the release of apoptogenic factors and for complete execution of cell death.
Materials and Methods
Cell culture and apoptosis assay. HeLa and Jurkat cells were cultured in DMEM and RPMI, respectively, both containing 10% fetal bovine serum, and were split into 48 single-cell clones by serial dilution. Individual clones were then grown for 24 hours in medium containing 10 ng/mL recombinant human TRAIL/TNFSF10 (R&D Systems, Minneapolis, MN), 100 ng/mL recombinant soluble human FasL (Alexis Biochemicals, San Diego, CA), or 10 ng/mL recombinant human TNF-a (R&D Systems) plus 1 Ag/mL cyclohexamide (Fisher Scientific, Pittsburgh, PA). The percentage of apoptosis was evaluated by propidium iodide staining as described (51, 52) using a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ). Highly sensitive clones (C1 for HeLa and C3 for Jurkat cells) were selected for the present study.
Cell fractionation and lipid analysis. In this study, cell fractionation was done using the MBL mitochondria/cytosol fractionation kit (MBL, Watertown, MA) as reported previously (51) and as per manufacturer's instructions. This kit provides unique formulation of reagents for effective isolation of a very highly enriched mitochondrial fraction. The resulting cytosolic and mitochondrial fractions were then used in Western blot analysis. Complementary fractionation studies were undertaken according to the procedure reported by Sorice et al. (53) .
Lipid extraction from mitochondrial fractions of Jurkat cells was accomplished as described earlier (53) and extracts were analyzed by nano-electrospray time of flight mass spectrometry (MS) using a LCT instrument (Micromass, Manchester, United Kingdom) set in positive ion mode (43, 44, 53) . A few microliters of the extracts were injected using capillary voltage at 2,250 V and sample cone at 35 V. Semiquantitative evaluation of lipid peaks was undertaken using a set of internal reference ions that maintained equivalent relationships within multiple spectra of the same sample and showed little variation between control and apoptotic samples. These reference ions included sphingomyelin at 703.4 m/z (43) and the dominant phosphatidylethanolamine species, palmitoyl,stearoylphosphatidylethanolamine, at 768.6 m/z.
Mitochondrial staining. The cardiolipin-sensitive probe 10-nonylacridine orange (NAO) was used to monitor changes in mitochondrial lipids in vivo (39, 54) . Briefly, after treatment with 10 ng/mL TRAIL, 10 6 cells were collected by centrifugation, washed, and then resuspended in PBS containing 200 nmol/L NAO (Molecular Probes, Eugene, OR) for 30 minutes at room temperature. Fluorescence was subsequently measured by flow cytometry using the Fl-1 channel. Using a similar protocol, we also measured mitochondrial membrane potential. Washed cells (10 6 ) were resuspended in 1 mL PBS containing 25 nmol/L CMXRos or 40 nmol/L TMRE (both from Molecular Probes), and after 30 minutes of incubation at 37jC, fluorescence was measured by flow cytometry (55) .
Phospholipase activity assays. Activities related to phosphatidylcholinephospholipase C (PLC) and phosphatidylcholine-phospholipase D (PLD), and possibly other lipases, were measured with the Amplex Red Assay kit (Molecular Probes). Briefly, 10 6 cells were treated with TRAIL and suspended in lysis buffer [20 mmol/L Tris-HCl (pH 7.4) containing 5 mmol/L EDTA, 1% NP40, 100 mmol/L NaF, 2 mmol/L sodium orthovanadate, 10 mmol/L sodium pyrophosphate, a cocktail of protease inhibitors (Roche, Indianapolis, IN)]. Reactions were carried out in the dark for 30 minutes at 37jC. Bacterial phosphatidylcholine-PLC served as a positive control. Red fluorescence was measured with a microplate reader (Perkin-Elmer, Gaithersburg, MD) and expressed in arbitrary units (a.u.).
Tricyclodecan-9-yl xanthogenate (D609; Biomol, Plymouth Meeting, PA) was employed to pharmacologically inhibit phospholipase activity (48, (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) and usually incubated 30 minutes with cells before other treatments.
Analysis of intracellular reduced glutathione. To ensure that D609 has no short-term antioxidative effect, cellular glutathione was measured using monochlorobimane staining (66) (67) (68) . Jurkat C3 cells were collected by centrifugation and resuspended in 1 mL RPMI containing 0.5%fetal bovine serum, with or without 50 Amol/L D609, followed by TRAIL treatment. After 1-hour incubation at 37jC, the cells were washed and resuspended in 500 AL PBS containing 40 Amol/L monochlorobimane (Molecular Probes) and incubated for 5 minutes at room temperature. Fluorescence was measured immediately by flow cytometry using the Fl-1 channel.
Diacylglycerol assay. Lipid extracts of 10 6 PBS-washed cells were obtained by using 3 mL chloroform/methanol (1:2, v/v) supplemented with 1 mol/L NaCl. After mixing, an additional 1 mL chloroform and 1 mL of 1 mol/L NaCl were added. The samples were remixed and the organic phase was separated after centrifugation at 5,000 Â g for 2 minutes. DAG levels were evaluated in the lipid extract by using the radioenzymatic Biotrak assay (Amersham, Piscataway, NJ). Specifically, DAG was converted into [ Immunoblotting. Harvested cells were dissolved in the same lysis buffer as was used in the phosphatidylcholine-PLC assay. Samples were separated by SDS-PAGE and transferred to a polyvinylidene difluoride sheet. After blocking with 5% skim milk in TBS, the blots were incubated with antiphospho-PKCy (specific for Ser 643 and Thr 505 phosphorylation, Cell Signaling Technology, Beverly, MA), anti-PKCy C-17, anti-actin, anti-HSP60 H-300, anti-caspase-8 p20, anti-Bid C-20, anti-caspase-9 p10 H-83, and anticaspase-3 H-277 (all from Santa Cruz Biotechnology, Santa Cruz, CA) and monoclonal anti-cytochrome c (PharMingen, San Diego, CA). Appropriate secondary antibodies were obtained from Amersham or Jackson ImmunoResearch (West Grove, PA) and blots were visualized using the enhanced chemiluminescence system (Amersham).
Statistics. All data were analyzed as continuous variables. Wilcoxon test, a rank-based statistical test for two independent samples, was used to compare treatment group medians because per group replications ranged from 3 to 5. P < 0.10 was considered statistically significant. The less restrictive significance level was selected to counterbalance the small treatment group sample sizes and to consider that the Wilcoxon test as a nonparametric procedure has, in general, greater probability relative to the t test of failing to reject a false null hypothesis (greater probability of committing type II error; refs. 70, 71) . Figures depicting group means and SDs were presented to complement the statistical analyses.
Results
Tumor necrosis factor-related apoptosis-inducing ligand induces changes in mitochondrial lipids. The signaling events responsible for the changes in mitochondrial lipids that prime mitochondria for the proapoptotic action of death ligands have not been characterized yet. In this study, we investigated the link between TRAIL and mitochondrial lipids by characterizing the caspase-independent mitochondrial events that are induced in response to TRAIL and affect the homeostasis of phospholipids, including cardiolipin.
Our clones of Jurkat and HeLa cells are highly sensitive to TRAIL-induced apoptosis (Fig. 1A) , which involves mitochondria in these type II cells (16, 18) . After 24 hours of treatment, Jurkat and HeLa cells showed comparable sensitivity to TRAIL (80% and Figure 1 . TRAIL induces changes in mitochondrial cardiolipin. A, TRAIL-induced apoptosis: HeLa and Jurkat cells were treated with TRAIL at various concentrations for 24 hours. Cells were collected and the extent of apoptosis was determined by flow cytometry of the sub-G 1 population. Columns, mean of three independent determinations; bars, SD. *, P < 0.05, statistically significant two-sided Wilcoxon test compared with control untreated cells. B, TRAIL-induced changes in cardiolipin: Jurkat cells were incubated with TRAIL (10 ng/mL) for 1 hour and then stained with NAO, the fluorescence of which was analyzed by flow cytometry. C, electrospray MS profile of mitochondrial lipid extracts: untreated (top ) and TRAIL-treated Jurkat cells (10 ng/mL for 1 hour; bottom ). Although the reference intensity of the dominant phosphatidylcholine species was comparatively higher for the TRAIL-treated sample than the control sample, the MS profile of the cardiolipin region was recorded to an equivalent signal-to-noise ratio to emphasize both quantitative and qualitative changes in cardiolipin species. D, electrospray MS spectra of the major mitochondrial phospholipids dominated by phosphatidylcholine (PC ) species: The spectra were normalized to the intensity of the dominant palmitoyl,arachidonyl-phosphatidylcholine at 782 m/z , although this lipid showed some TRAIL-induced increase with respect to other arachidonyl-containing species (e.g., that at 808 m/z ) and internal references like the major phosphatidylethanolamine (PE) species at 768 m/z . Note the TRAIL-induced severe depletion of mitochondrial palmitoyl,oleoyl-phosphatidylcholine at 760 m/z (thick arrows).
60% apoptosis, respectively, Fig. 1A ). To investigate early changes in mitochondrial membrane lipids, Jurkat cells were treated with TRAIL (10 ng/mL) for 1 hour. The alterations in cardiolipin elicited by TRAIL in these cells were then measured using NAO, a cardiolipin-sensitive probe. To ensure that on 1-hour treatment with TRAIL there were no significant changes in mitochondrial membrane potential that could interfere with NAO staining (cf. ref. 39 ), we measured membrane potential with specific Figure 2 . Phospholipase activity mediates TRAIL-induced apoptosis. A, inhibition of phospholipase activity suppresses TRAILinduced apoptosis: HeLa and Jurkat cells were preincubated with D609 at various concentrations for 30 minutes followed by addition of 10 ng/mL TRAIL for 24 hours and apoptosis was evaluated by flow cytometry after propidium iodide staining. Columns, mean of three independent determinations; bars, SD. *, P < 0.05, statistically significant two-sided Wilcoxon test compared with control cells (0 Amol/L D609 and 10 ng/mL TRAIL). B, D609 is not cytotoxic at 50 Amol/L concentration: Jurkat and HeLa cells were treated with increasing concentrations of the pharmacologic inhibitor of phospholipase activity, D609, for 24 hours as in (A). There is not a significant difference between untreated cells and cells that are treated with 10 or 50 Amol/L D609 (P = 0.144). C, D609 does not promote short-term antioxidant activity: Jurkat cells were pretreated with 50 Amol/L D609 for 1 hour. The antioxidant effect of D609 was evaluated by measuring glutathione depletion with monochlorobimane using flow cytometry. All measurements were done in triplicates. *, P < 0.05, statistically significant two-sided Wilcoxon test compared with control cells. D, suppression of phospholipase activity inhibited TRAIL-induced changes in NAO staining: Jurkat cells were preincubated with 50 Amol/L D609 for 30 minutes followed by incubation with TRAIL (10 ng/mL) for 1 hour. E, quantitative measurements of percent change in NAO fluorescence in Jurkat cells that are treated with TRAIL, TRAIL and z-VAD, and TRAIL and D609. Columns, mean of three independent experiments each done in duplicate; bars, SD. Mass spectroscopy (MS) analysis of the mitochondrial lipid extract from TRAIL-treated Jurkat cells revealed substantial cardiolipin alteration ( Fig. 1C; cf. ref. 53) . The major species of cardiolipin [e.g., that at 1,520 m/z (dioleoyl,dilineoyl-cardiolipin3Na)] were severely depleted after TRAIL treatment ( Fig. 1C; cf. ref. 43 ). Conversely, minor species of cardiolipin with either saturated acyl chains (e.g., tristearoyl,palmitoyl-2Na at 1,482 m/z) or long unsaturated acyl chains [e.g., that at 1,600 m/z (a mixture of chains corresponding to a total of 78 carbons and 7-9 double bonds)] seemed to remain unchanged or even increase in relative proportion to oleoyl-rich species in extracts of TRAIL-treated cells (Fig. 1C) . Consequently, induction of apoptosis not only depleted mitochondria of the overall content of cardiolipin but also had modified the fatty acid distribution of the remaining cardiolipin species. This loss of cardiolipin corresponded with the TRAIL-induced changes in NAO staining (Fig. 1B and C) . We have observed a comparable trend of qualitative changes in cardiolipin after Fas stimulation in mouse liver (43) as well as Jurkat cells, 4 with the additional observation of increased levels of monolysocardiolipin species.
The change in the acyl chain composition of cardiolipin that was induced by TRAIL clearly indicated that apoptosis signaling severely perturbed the remodeling of this lipid, which is synthesized in mitochondria in precursor forms like the species at 1,482 m/z (40, 44) . Given that phosphatidylcholine is the major donor of unsaturated acyl chains to remodel cardiolipin precursors into their highly unsaturated forms (40, 44) , we studied next the MS profile of mitochondrial phosphatidylcholine species (Fig. 1D) . It became immediately apparent that TRAIL treatment resulted in the severe depletion of a single major species of phosphatidylcholine, palmitoyl,oleoyl-phosphatidylcholine, at 760 m/z in its protonated form (Fig. 1D, thick arrow) . Once normalized to internal references, including the dominant phosphatidylethanolamine species, the level of palmitoyl,oleoyl-phosphatidylcholine decreased 6-fold after 1-hour TRAIL treatment ( Fig. 1D ; data not shown). Correspondingly, there was a relative increase in palmitoyl,arachidoyl-phosphatidylcholine at 782 m/z, whereas other species, such as oleoyl,arachidoyl-phosphatidylcholine (at 808 m/z), remained substantially unaltered (Fig. 1D) . Hence, the TRAIL-induced changes in cardiolipin (Fig. 1C) seemed to reflect a selective depletion of palmitoyl,oleoyl-phosphatidylcholine accompanied by an overall redistribution of acyl chains favoring enrichment in arachidonate. Similar, but not identical, changes were observed in the relative levels of phosphatidylcholine species of mitochondria from Fas-treated cells (data not shown).
Interestingly, the TRAIL-induced changes in mitochondrial lipids occurred independently of caspase activity as evidenced by the fact that the pan-caspase inhibitor z-VAD did not inhibit the decrease in NAO that is associated with TRAIL (Figs. 2E and 3A) . Hence, TRAIL signaling provokes early changes in mitochondrial lipids that occur before, or independently of, caspase activation. Indeed, following 1-hour treatment with TRAIL, processing of caspase-8 into its signature fragments could not be detected ( Fig. 3B; ref. 21) . We have also observed that, similar to the TRAIL-induced changes, treatment of Jurkat cells with effective concentrations of FasL also resulted in a decrease in NAO fluorescence and cardiolipin depletion (data not shown; cf. ref. 53 ). These observations suggest the existence of common death receptormediated reactions that contribute to changes in mitochondrial membrane lipids before or parallel to activation of apical caspases.
Phospholipases are engaged in tumor necrosis factorrelated apoptosis-inducing ligand-induced apoptosis. In general, cell surface receptors transduce their intracellular signals by rapid activation of lipid-degrading enzymes (45, 46, 56, 69, 72, 73) . For example, a PLC activity degrading phosphatidylcholine (phosphatidylcholine-PLC) has been repeatedly reported to be elevated following stimulation of cell surface receptors, such as Fas (45, 56-62, 69, 73) . However, the possible involvement of phospholipases in the mitochondrial arm of TRAIL-mediated apoptosis has not been previously studied, especially with regard to phosphatidylcholine.
Our initial approach for assessing the involvement of phosphatidylcholine-degrading enzymes in TRAIL-mediated apoptosis was to pharmacologically inhibit phospholipase activity with D609. This compound has been generally considered to inhibit phosphatidylcholine-PLC as well as PLD activity (48, (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) and has been shown to protect cells from Fas-induced apoptosis (48, (57) (58) (59) . As shown in Fig. 2A , Jurkat and HeLa cells that were pretreated with D609 (50 Amol/L) for 30 minutes showed f50% inhibition in cell death after 24-hour TRAIL (10 ng/mL) treatment. Similar results were obtained in cells treated with FasL (100 ng/mL; data not shown). Conversely, the same concentration of D609 (50 Amol/L) had no effect on cell viability (a small cytotoxic effect was observed only at concentrations exceeding 100 Amol/L as shown in Fig. 2B ). Considering that D609 possesses antioxidant properties (68), we also evaluated the effect of this compound on cellular glutathione before and after death receptor stimulation. Concentrations of D609 that significantly protected from cell death ( Fig. 2A) negligibly affected cellular glutathione (Fig. 2C) while inhibiting by 38% the changes in NAO staining that were induced by 1-hour TRAIL treatment ( Fig. 2D  and E ) . Hence, these results provide novel evidence that phospholipase activity is involved in TRAIL-induced apoptosis and affects mitochondria and their signature lipid, cardiolipin.
Phospholipase activity increases in response to tumor necrosis factor-related apoptosis-inducing ligand. The above results imply that TRAIL-induced apoptosis requires the activity of D609-sensitive phospholipases as reported previously for Fas and TNF (45, 48, 57) . To address the possibility that TRAIL directly induces phospholipase activation, we treated Jurkat and HeLa cells with 10 ng/mL TRAIL for 1 hour and measured the activities of phosphatidylcholine-PLC and phosphatidylcholine-PLD to assess the level of phospholipase activity (Molecular Probes; ref. 74) . As shown in Fig. 4 , phospholipase activity increased rapidly and after 3-hour treatment with TRAIL reached a maximum of 11,590 F 701 (a.u.) in Jurkat cells and 12,590 F 974 (a.u.) in HeLa cells. We then tested the capacity of D609 to inhibit cellular phospholipase activity by pretreating the cells with D609 before a 3-hour treatment with TRAIL (to account for maximal phospholipase activity). D609 inhibited TRAIL-induced increase in phospholipase activity in both cell lines in a concentration-dependent manner (Fig. 4B) . Hence, TRAIL stimulates the activity of phosphatidylcholinedegrading phospholipases, thus providing a link between perturbation of phosphatidylcholine homeostasis and the antiapoptotic effect of D609 inhibition.
Phospholipase activity mediates the tumor necrosis factorrelated apoptosis-inducing ligand-induced mitochondrial apoptotic pathway. Having established that TRAIL induces early activation of phospholipases, we investigated whether this activity influenced the DISC-mediated arm of caspase cleavage or the mitochondria-mediated amplification of caspase cleavage downstream of the DISC (25, 26, 33, 34, 75, 76) . To dissect these possibilities, we measured the cleavage of the key apical caspases in the extrinsic pathway (caspase-8) and in the intrinsic pathway (caspase-9) as well as the cleavage and activity of caspase-3, which is the major executioner protease for both pathways. Cleavage of caspase zymogens is instrumental to the activation of caspase-3 and directly follows proximity-induced activation of apical caspases, thus contributing to their sustained activity (21, 77) . We complemented these studies with an evaluation of Bid cleavage and parallel measurements of the cytosolic relocation of mitochondrial cytochrome c. It is important to note that although Bid is a preferred substrate of caspase-8 it can also be processed via the intrinsic pathway and caspase-3 (33, 78) . We additionally compared the effects of increasing concentrations of D609 on the cleavage Figure 4 . Phospholipase activity increases in response to TRAIL. A, TRAIL induces activation of phospholipases: HeLa and Jurkat cells were exposed to TRAIL (10 ng/mL) for the indicated times and phospholipase activities were measured using Amplex Red fluorescence (a.u.). Points, mean of three independent experiments; bars, SD. **, 0.05 < P < 0.10, statistically significant two-sided Wilcoxon test comparing 0 hour with 1, 3, 6, and 12 hours. B, TRAIL-induced phospholipase activity is inhibited by D609: HeLa and Jurkat cells were preincubated with D609 at various concentrations for 30 minutes followed by TRAIL treatment as in (A). Points, mean of three independent experiments each done in duplicate; bars, SD. **, 0.05 < P < 0.10, statistically significant two-sided Wilcoxon test compared with control cells (no D609 treatment). C, TRAIL-induced phospholipase activity (A) is not inhibited by z-VAD: HeLa and Jurkat cells were preincubated with 100 Amol/L pan-caspase inhibitor z-VAD for 30 minutes followed by TRAIL (10 ng/mL) treatment for 1, 3, and 6 hours. Phospholipase activity was measured as for TRAIL in (A). On stimulation of apoptosis by TNF family of ligands, procaspase-8 is proteolytically cleaved to generate the p20 signature fragment (3, 5, 17, 23, 79) . Following 3-hour TRAIL treatment (10 ng/mL), the p20 cleavage fragment of caspase-8 was observed by immunodetection and reached a maximum after 6 hours (Fig. 5A) . Pretreatment with increasing concentrations of D609 had only a slight effect on the cleavage profile (Fig. 5B ) and activity (data not shown) of caspase-8. Similarly, cleavage of caspase-3 was hardly affected by D609 (Fig. 5B) , even at the concentrations that reduced TRAIL-induced death by f50% (Fig. 2) . Although cleavage of Bid was induced by TRAIL, as evidenced by the appearance of truncated Bid fragments, this cleavage was affected only partially by D609 concentrations that were effective in inhibiting phospholipase activity (Fig. 5B) . Hence, sustained activation of caspase-8, and the consequent direct cleavage of its preferred substrates, caspase-3 and Bid, persisted when phospholipase activity was extensively inhibited by D609 (Figs. 2, 4, and 5) .
Pro-caspase-9 is the apical caspase of the intrinsic pathway and is efficiently processed within the apoptosome (21, 28) . Cleavage of pro-caspase-9 was induced by TRAIL (10 ng/mL for 6 hours) as indicated by the concomitant degradation of the pro-caspase band and the formation of the p10 fragment (Fig. 5C ). D609 strongly inhibited the cleavage of pro-caspase-9 (Fig. 5C) . Similarly, the release of cytochrome c from mitochondria was strongly repressed by D609 (Fig. 5C) . Consequently, inhibition of phospholipase activity seemed to primarily influence the mitochondrial arm of death receptor-mediated apoptosis.
Our data showed that enhanced activity of phosphatidylcholinedegrading lipases intersects the bifurcated pathway of cell death before the engagement of mitochondria but could not discriminate whether caspase-8 and phospholipases were activated in parallel or in sequence. To distinguish between these possibilities, Jurkat and HeLa cells were treated with the pan-caspase inhibitor, z-VAD, before a 3-hour treatment with TRAIL (10 ng/mL). Without affecting TRAIL-induced phospholipase activity (Fig. 4A and C) , z-VAD inhibited caspase-8 cleavage by f6-fold (Fig. 5D) . Thus, death receptor stimulation leads to elevated activity of cytosolic phospholipases parallel to early activation of caspase-8.
Tumor necrosis factor-related apoptosis-inducing ligand induces rapid production of diacylglycerol and activation of protein kinase CD. Having shown that TRAIL-induced changes Figure 5 . Phospholipase activity mediates the mitochondrial pathway of TRAIL-induced apoptosis. A, TRAIL induces caspase-8 processing in a time-dependent manner: HeLa cells were subjected to TRAIL (10 ng/mL) treatment for the indicated times and their lysates were immunoblotted for caspase-8 (p20 antibody, Santa Cruz Biotechnology) and actin as loading control. Bottom, densitometric analysis of the p20 band data from three independent experiments. B and C, phospholipase activity does not block Bid and caspase-8 processing but affects cytochrome c release and caspase-9 processing: HeLa cells were incubated first with increasing concentrations of D609 for 30 minutes and then treated with TRAIL (10 ng/mL) for 6 hours. Whole cell lysates were immunoblotted for caspase-8, Bid, caspase-9, and caspase-3, whereas cytosolic fractions were blotted for cytochrome C ; protein loading was evaluated with actin re-blots (bottom ). Densitometric analysis of the bands for p10 and cytochrome C was done using data from three independent experiments (C, bottom ). **, 0.05 < P < 0.10, statistically significant two-sided Wilcoxon test compared with TRAIL alone treatment. D, z-VAD is more potent than D609 in inhibiting TRAIL-induced caspase-8 processing: Lysates of HeLa cells were preincubated with 100 Amol/L z-VAD or 50 Amol/L D609 for 30 minutes as indicated and then treated with TRAIL (10 ng/mL). Densitometric analysis of the p20 band was done using data from three independent experiments (bottom ). **, 0.05 < P < 0.10, statistically significant two-sided Wilcoxon test compared with TRAIL treatment alone.
in phosphatidylcholine and its degrading enzymes occur independently of caspase-8 activation, we next investigated the involvement of a key byproduct of phosphatidylcholine degradation (i.e., DAG) in the mediation of TRAIL function. It has been reported previously that phosphatidylcholine hydrolysis results in the transient accumulation of cellular DAG (45, 48) , which is the direct product of phosphatidylcholine-PLC or the byproduct of the combined action of PLD and lipid phosphatases. Moreover, DAG itself can induce apoptosis as has been shown in prostate cancer cells (47) . Consistent with our previous results (Figs. 2 and  4) , TRAIL stimulation of Jurkat and HeLa cells (Fig. 6) induced a 2-to 3-fold elevation in intracellular DAG (Fig. 6) . We additionally found that D609 inhibited both the basal levels and the TRAILenhanced levels of DAG in a concentration-dependent manner (Fig. 6B) . These results indicated that D609 depressed the metabolic turnover of DAG in untreated and TRAIL-treated cells presumably via inhibition of the same phosphatidylcholinedegrading enzymes that contribute to the steady-state level of the lipid.
The reciprocal relationship between phosphatidylcholine and DAG homeostasis is complicated by evidence indicating that PKC regulates phospholipase activities that promote phosphatidylcholine hydrolysis (46, (80) (81) (82) (83) . PKCy is a member of a novel PKC subfamily that is activated by DAG and relocates to the mitochondria in response to apoptosis stimuli (46, 47, 80, 82, (84) (85) (86) (87) . Although phosphorylation of PKCy on distinct tyrosine residues is pivotal to its function during apoptosis (83), it is not known whether PKCy is activated in response to TRAIL. Our studies showed that PKCy is activated in response to TRAIL (Fig. 7) . Treatment of HeLa cells with TRAIL (10 ng/mL) induced 3-to 4-fold increase in the phosphorylation of PKCy at Ser 643 and Thr 505 , which was evident as early as after 1-hour treatment (Fig. 7A) . TRAIL signaling resulted also in subsequent relocation of PKCy to mitochondria, which was substantial after 3 hours and peaked after 6 hours of TRAIL treatment (Fig. 7B ). This suggests that PKCy relocation to the mitochondria follows its phosphorylation.
To show whether the TRAIL-induced activation and relocation of PKCy was dependent on the ensuing increase in phospholipase activity, we next pretreated HeLa cells with 50 Amol/L D609 before TRAIL treatment. We additionally used R59949, a specific inhibitor of DAG kinase, which blocks metabolic conversion of DAG. R59949 produces an increase in the cellular level of DAG, which is analogous to that derived from increased phospholipase activity (85) . At the standard concentration of 50 Amol/L, D609 and R59949 comparably inhibited TRAIL-induced translocation of PKCy to mitochondria (Fig. 7C) .
Altogether, these studies indicate that TRAIL signaling induces an early accumulation of DAG (45), which may derive from enhanced degradation of phosphatidylcholine via D609-sensitive phospholipases. Remarkably, early phosphorylation of PKCy and its mitochondrial relocation is accompanied by DAG elevation that follows a caspase-independent imbalance in phosphatidylcholine homeostasis.
Tumor necrosis factor-related apoptosis-inducing ligandinduced activation of protein kinase CD is involved in mediating apoptosis and cooperates with death-inducing signaling complex-induced caspase activation. Having showed that TRAIL induces activation of PKCy, we next investigated whether PKCy played a role in mediating apoptosis. In fact, ectopic expression of a dominant-negative mutant of PKCy [PKCy (K376A); ref. 86 ] inhibited processing of caspase-8 (4-fold) in HeLa cells that had been treated with TRAIL (10 ng/mL) for 6 hours (Fig. 8A) . Conversely, ectopic expression of wild-type PKCy in HeLa cells enhanced TRAIL-induced caspase-8 processing (5-fold) and apoptosis ( Fig. 8A and B) . These data suggest that TRAIL-induced PKCy activation cooperates with the DISC in the activation of caspase-8. In support to this possibility, R59949 also caused a 4-fold inhibition of TRAIL-induced processing of caspase-8 in HeLa cells ectopically expressing wild-type PKCy (Fig. 8C) .
In sum, these studies indicate that activated PKCy participates in TRAIL-induced signaling by regulating or fine-tuning the cleavage of apical caspase-8. This role seems to depend on early caspase-independent reactions that affect DAG levels, indicating a possible synergistic loop between caspase-independent and caspase-dependent reactions elicited by TRAIL signaling. Figure 6 . TRAIL induces rapid production of DAG that is dependent on phospholipase activity. HeLa and Jurkat cells were either untreated (0 Amol/L; A and B) or preincubated with D609 (B ) at various concentrations. Cells were then subjected to TRAIL (10 ng/mL) treatment for 3 hours and DAG content was measured as described in Materials and Methods. Columns, mean DAG levels of three independent experiments each done in duplicates; bars, SD. *, P < 0.05, statistically significant two-sided Wilcoxon test compared with control cells; **, 0.05 < P < 0. (5, (7) (8) (9) 15) . Herein, we have investigated the involvement of early caspase-independent events in TRAIL-induced apoptosis in type II cells, which require mitochondria for mediating cell death (16, 18, 23) . It is thought that early death receptor-mediated signaling alters mitochondrial membranes, thereby priming mitochondria for the release of apoptogenic factors like cytochrome c (40, 78, 86, 87) . This priming most likely originates from changes in the lipid composition of mitochondria. Indeed, we report here that TRAIL induces caspase-independent changes in the mitochondrial lipid composition, encompassing both cardiolipin (Fig. 1B and C) and phosphatidylcholine (Fig. 1D) .
Mitochondrial cardiolipin biosynthesis is coordinated with phosphatidylcholine homeostasis (39, 40) and an imbalance in phosphatidylcholine homeostasis would reduce the quantity of acyl donors that is required for normal remodeling of cardiolipin. This process is substantially more rapid than cardiolipin biosynthesis and requires both mitochondrial and extramitochondrial enzymes (40) . As a consequence of the unusual acyl chain composition of mature cardiolipin, it is likely that only specific species of phosphatidylcholine are critical for cardiolipin remodeling. Accordingly, the selective depletion of palmitoyl,oleoyl-phosphatidylcholine after 1-hour TRAIL treatment of Jurkat cells (Fig. 1D ) suggests a link with cardiolipin remodeling. The imbalance in phosphatidylcholine produced by this depletion is likely to derive from enhanced activity of phosphatidylcholine-degrading enzymes, which may have specificity for 2-oleoyl-phosphatidylcholine species.
Our studies here indicate that TRAIL induces D609-sensitive reactions that contribute to a depletion of both cardiolipin and phosphatidylcholine with concomitant DAG accumulation (Figs. 2,  4 , and 5). D609 has been reported previously to inhibit phosphatidylcholine-PLC (48, 56, 57, 62, 63, 65, 73, 88, 89) . Recently, it has been suggested that D609 also possesses antioxidant properties (68) . However, our data indicate that the antioxidant activity of D609 does not seem to contribute to observed effects (e.g., on mitochondrial lipids; Fig. 2) . Additionally, D609 has been shown to inhibit Ca-dependent PLA2 (73) and sphingomyelin synthase (90) in some cellular systems. We have observed minimal TRAILinduced changes in phospholipase A2 activity (as well Fas-induced; cf. ref. 42) . Moreover, the activation of sphingomyelin synthase is thought to be an event downstream of phosphatidylcholine-PLC activity (48, 57, 89, 90) . Thus, it is plausible that the phosphatidylcholine imbalance that is initiated by TRAIL derives from a combination of diverse lipase activities (45, 48, (57) (58) (59) (60) (61) (62) . Additional studies are required to identify signal transduction steps that may Figure 7 . TRAIL induces phosphorylation and mitochondrial translocation of PKCy that is dependent on activity of phospholipases. HeLa cells were either untreated or preincubated with D609 and R59949 (50 Amol/L) for 30 minutes and subsequently treated with TRAIL (10 ng/mL) for the indicated times (A and B ) or for 6 hours (C). Whole cell lysates (A) and mitochondrial fractions (B and C ) were analyzed by immunoblotting using antibodies specific for phosphorylated PKCy, whole PKCy, actin, and HSP60. The band intensities of phospho-PKCy (Ser 643 ), phospho-PKCy (Thr 505 ), and PKCy were analyzed with a densitometer using data from three independent experiments (bottom ). **, 0.05 < P < 0.10, statistically significant two-sided Wilcoxon test compared with untreated samples.
contribute to the altered balance in the synthesis and degradation of cellular phosphatidylcholine following stimulation of death receptors.
It is clear from our results that TRAIL-induced activation of phosphatidylcholine-degrading enzymes more directly affects caspase-9 cleavage and cytochrome c release than caspase-8 or caspase-3 cleavage (Fig. 5B and C) . This supports the concept that phospholipases may be primarily involved in the intrinsic (mitochondria-dependent) arm of the bifurcate pathway of apoptosis mediated by death receptors. However, phospholipases alone would not be sufficient in mediating apoptosis, as blocking lipid degradation by D609 produces only a partial protection from cell death (Fig. 2) . Indeed, 6 hours after TRAIL (and also FasL and TNF; data not shown) treatment, phospholipases and caspases seem to synergistically combine their effects as indicated by the cumulative effects of D609 and z-VAD in the cleavage of various caspases and Bid. It is noteworthy that a recent study of RNA interference-based phenotypic screening has revealed new proteins that modulate the intrinsic pathway of TRAIL-induced apoptosis (91) . Based on our results, we predict that some of these new apoptotic effectors may influence the response of mitochondrial lipids to the early alteration in phosphatidylcholine homeostasis.
We have also shown here that TRAIL induces the phosphorylation and relocation of PKCy to mitochondria (Fig. 7) following accumulation of DAG. Consistent with this finding, the ectopic expression of PKCy enhances TRAIL-induced caspase activation and apoptosis in HeLa cells (Fig. 8) . Interestingly, inhibition of DAG elevation, by blocking its downstream conversion or its production via D609-sensitive lipases, results in diminished TRAIL-induced activation of PKCy (Fig. 7C) . This implies that the source of DAG elevation is not fundamental to PKC activation, possibly reflecting stress responses that are wired within cell signaling. Additionally, phospholipid scramblase 3, a member of protein family responsible for translocation of phospholipids between the two mitochondrial membranes, has recently been shown to be a target of PKCy (86, 92) . Hence, enhanced PKCy activity may facilitate cardiolipin degradation by enhancing its scramblase-mediated shuttling to the mitochondrial surface (86, 92) .
What is emerging from these studies, also in the light of reports of others (93, 94) , is that death receptor signaling bifurcates early into a caspase-8-mediated and rapid cell execution pathway, which in many cells like Jurkat is amplified by the release of mitochondrial apoptogenic factors. The other arm of the bifurcation is actually inhibited by caspase-8, leading to an alteration of lipid homeostasis. In this study, we have delineated, for the first time, early biochemical events in TRAIL signaling that alter the metabolism of phosphatidylcholine, the dominant phospholipid of most membranes that is required also for the maintenance of cardiolipin homeostasis. Downstream phosphatidylcholine, therefore, the caspase-independent arm contributes to a specific ''priming'' of mitochondrial membranes by altering their lipid composition and thus facilitating the proapoptotic action of Bid (and possibly other factors) that are activated through the caspase-8-mediated pathway. When caspase-8 is inhibited (e.g., by z-VAD), the caspase-independent arm of death signaling that alters lipid homeostasis becomes predominant. This may lead to the proliferation of membrane organelles (vacuoles, autophagosomes, and lysosomes), which slowly eat up the cytosolic constituents, thus producing an autophagic type of cell death. In fact, when phosphatidylcholine metabolism is altered (Fig. 1) , there is a switch from phosphatidylcholine to phosphatidylinositol, which enhances the production of metabolites like phosphatidylinositol 3-phosphate that are fundamental for the biogenesis and maturation of autophagolysosomes (94) .
In conclusion, these results indicate that TRAIL stimulation induces changes in lipid metabolism that affect mitochondrial membranes and can synergistically contribute to apoptosis via both caspase-8-dependent and caspase-8-independent signaling.
The TRAIL-induced signaling pathways that regulate phospholipase activity and promote changes in phosphatidylcholine and cardiolipin will offer novel targets for lipophilic anticancer drugs that, by interfering with cellular lipid metabolism, could selectively kill cancer cells.
